The vacuum ~oise of a quantum field as viewed by a uniformly accelerated observer is studied in the flat spacetime with a static boundary perpendicular to the direction of acceleration. The noise consists of two terms; one is the ordinary thermal term that satisfies the KMS condition, and the other is a new term that represents the boundary effect. It is shown that the latter effectiyely vanishes as the position of the boundary tends to the edge of the Rindler wedge associated with the observer. This special property can be interpreted as the consequence of a specific type of interference among various modes of the field. These results hold regardless of the dimension of the spacetime for massive as well as massless fields. § 1. Introduction A Rindler observer (i.e., a uniformly accelerated observer) in Minkowski spacetime feels as if he were in a thermal bath of temperature T=a/2;r(=1ia/2;rckB), where a is his proper acceleration. This is known as the Unruh effect.1)-3) To be precise, consider a system (a detector) endowed with internal degrees of freedom and coupled linearly to a quantum field (a massless scalar field, say) which was initially in the Minkowsh vacuum state. When this detector is accelerated uniformly, its transition probability per unit time from an internal energy level E to another level E+w is proportional to the Rindler noise F(w) (to be defined in § 2). In the four--R_--~--t-- 
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x(r)=a-Icosh ar, y(r) = constant , (1·3)
where we have introduced the Minkowski coordinates x=(t, x, y) for the spacetime point x, and r denotes the proper time of the world line. It asymptotically approaches null lines, which act as horizons for the Rindler observer. The regions R+ (i.e., x>ltl, right Rindler wedge) and R- (i. e., x< -It I. left Rindler wedge) of Fig. 1 are causally disconnected. Now, Minkowski vacuum state chosen as the initial vacuum state for the quantum field is defined on the entire spacetime. But a Rindler observer in R+ cannot see the physical degrees of freedom of the field in R-; he would be concerned only with the degrees of freedom in R+. It is this fact that eventually leads to the thermalization theorem,4),5) which states that "the pure state (i.e., Minkowski vacuum state) which is the vacuum from the point of view of an inertial observer is a canonical ensemble from the point of view of a Rindler observer". This theorem compares two formulations of the quantum field theory, one in the inertial frame and the other in the Rindler frame (i.e., proper reference frame of a family of Rindler observers). The former is formulated in terms of Minkowski modes that are plane waves for inertial observers, with Minkowski particles and the Minkowski vacuum state defined by these modes. Similarly, the latter is formulated in terms of Rindler modes that are plane waves for Rindler observers, with Rindler particles and the Rindler vacuum state defined by them. The comparison reveals that the Rindler particles associated with the causally disconnected regions R+ and R-are correlated in the Minkowski vacuum state, and this R+-R-correlation underlies the thermal property of the Rindler noise; R-plays the role of a thermal bath for a physical observation which is made entrely in R+. Recall that the theorem is closely related to Thermo-Field Dynamics (TFD); 6!, 7) degrees of freedom in R+ correspond to the physical-field degrees of freedom, those in R-to the tilde-field degrees of freedom and the Minkowski vacuum state to the thermal vacuum state. As a result of the thermalization theorem, F(w) satisfies the KMS condition. (The KMS condition, however, does not necessarily imply that the spectrum w 2 F(w) is given by Planck's formula. 5
),S» An analogous phenomenon is known as the Hawking effect in the case of a spacetime with a black hole.
)
It suggests a possible connection between thermodynamics, quantum theory and general relativity. 10) A uniformly accelerated system may be considered as a simplified version of a system at rest outside a blackhole.
Our aim is to understand the role played by region R-and the significance of the quantum R+-R-correlation for the thermal property in more detail. For this purpose it is worthwhile to examine the situation in which a part of R-is absent, namely, to consider quantum field theory in the flat spacetime with a static plane boundary shown in Fig. 2 . (Note that it is entirely different from the situation, as considered by Davies et al.,s) where the boundary is parallel to the direction of acceleration.) Such investigations may fall into two categories: 1. To examine the modification of the thermalization theorem. Fig. 1 are causally disconnected. Now, Minkowski vacuum state chosen as the initial vacuum state for the quantum field is defined on the entire spacetime. But a Rindler observer in R+ cannot see the physical degrees of freedom of the field in R-; he would be concerned only with the degrees of freedom in R+. It is this fact that eventually leads to the thermalization theorem,4),5) which states that "the pure state (i.e., Minkowski vacuum state) which is the vacuum from the point of view of an inertial observer is a canonical ensemble from the point of view of a Rindler observer". This theorem compares two formulations of the quantum field theory, one in the inertial frame and the other in the Rindler frame (i.e., proper reference frame of a family of Rindler observers). The former is formulated in terms of Minkowski modes that are plane waves for inertial observers, with Minkowski particles and the Minkowski vacuum state defined by these modes. Similarly, the latter is formulated in terms of Rindler modes that are plane waves for Rindler observers, with Rindler particles and the Rindler vacuum state defined by them. The comparison reveals that the Rindler particles associated with the causally disconnected regions R+ and R-are correlated in the Minkowski vacuum state, and this R+-R-correlation underlies the thermal property of the Rindler noise; R-plays the role of a thermal bath for a physical observation which is made entrely in R+. Recall that the theorem is closely related to Thermo-Field Dynamics (TFD); 6!, 7) degrees of freedom in R+ correspond to the physical-field degrees of freedom, those in R-to the tilde-field degrees of freedom and the Minkowski vacuum state to the thermal vacuum state. As a result of the thermalization theorem, F(w) satisfies the KMS condition. (The KMS condition, however, does not necessarily imply that the spectrum w 2 F(w) is given by Planck's formula. 5
Our aim is to understand the role played by region R-and the significance of the quantum R+-R-correlation for the thermal property in more detail. For this purpose it is worthwhile to examine the situation in which a part of R-is absent, namely, to consider quantum field theory in the flat spacetime with a static plane boundary shown in Fig. 2 . (Note that it is entirely different from the situation, as considered by Davies et al.,s) where the boundary is parallel to the direction of acceleration.) Such investigations may fall into two categories: 1. To examine the modification of the thermalization theorem. 2. To examine the Rindler noise direct1y.
Though the two are related, results of the second category can be directly connected with a realistic observation with a detector. Hence, in this paper we examine the Rindler noise. Specifically we shall ask how the thermal property of the Rindler noise is affected by the boundary at x = b as in Fig. 2 . There are several works ll )-14) which fall into the first category. Their results cannot be immediately compared with the result of the present paper; we plan to present such a comparison in a forthcoming paper, the present paper preparing some of the necessary materials for that.
The constitution of this paper is as follows: In § 2, we define the Rindler noise, evaluate it for the four-dimensional massless scalar field by using the Wightman function, and point out the remarkable fact that the boundary-effect term disappears as b tends to 0; Rindler noise is thermal in spite of the existence of a boundary atx =b=0.15) This result is rather unexpected because b=O is the special case where just all the degrees of freedom in R-would be physically absent. In § 3, we show that this remarkable property can be explained as an interference effect by examining a contribution of each Minkowski mode of the field; this explanation holds also for a massive scalar field in any dimension. In § 4 we make some technical comments on the somewhat pathological case of the two-dimensional massless scalar fields; this is partly intended to be preparatory for the above-mentioned forthcoming paper, in view of the fact that many of the workers cited earlier deal only with this particular case. In the last section, we summarize the result and make some comment on the thermal property.
We use the natural units: c=n=1. § 2. Rindler noise in the presence of a boundary
Definition of Rindler noise
We introduce a 'detector' and define the 'detector-response function' first, and then we define the Rindler noise as its special case.
The 'detector' to be considered is a point-like object, called 'DeWitt's monopoletype detector',r),16) endowed with internal energy levels, and is coupled linearly to a quantum scalar field ¢. Its interaction with the field is described by an interaction 2. To examine the Rindler noise direct1y.
The 'detector' to be considered is a point-like object, called 'DeWitt's monopoletype detector',r),16) endowed with internal energy levels, and is coupled linearly to a quantum scalar field ¢. Its interaction with the field is described by an interaction Lagrangian of the form
where the operator m(r) represents the 'monopole moment' of the detector and x(r) denotes the world line of the detector with r being its proper time. 5( r, ro) is a switching factor which takes the finite duration of observation into account and ro is a representative time of observation.
The field if; is supposed to be initially in an appropriate vacuum state 10). The transition probability W of the detector from an internal energy level E to another level E + w(w=/=O) is given by the first order perturbation theory as
where :F(w) is the so-called detector-response function 2 ) and is given by
where
is the positive frequency Wightman functionS) with respect to the initial vacuum 10).
The response function depends on both the initial state of the field and the world line of the detector, but is independent of the structure of the detector. Therefore we pay attention only to the response function hereafter. It may be regarded as the power spectrum of a quantum noise; for details on this point of view we refer to Sciama et a1.l7) In particular, we call it the Rindler noise if the world line of the detector is hyperbolic, i.e., that of a uniformly accelerated observer.
In the rest of this paper we consider the limiting case of infinite duration of observation, 5=1. Let us introduce new variables Llr= r-r' and r=(r+ r')/2 (2·5) with which we can write the noise as
where G(Llr, r) stands for G+(x(r), x(r'», namely, the field-correlation function along the world line x( r).
Wightman function in the presence of a boundary
We consider a free scalar field if;(x) in n-dimensional flat spacetime, whose point is denoted by x=(t, x, y), with a static boundary at x=b.
Let Uk(X) be the Minkowski mode which satisfies the Dirichlet boundary condition at x=b,
where k=(k, Ii) and 898 K. Ohnishi and 5. Takagi denotes the world line of the detector with r being its proper time. 5( r, ro) is a switching factor which takes the finite duration of observation into account and ro is a representative time of observation.
The response function depends on both the initial state of the field and the world line of the detector, but is independent of the structure of the detector. Therefore we pay attention only to the response function hereafter. It may be regarded as the power spectrum of a quantum noise; for details on this point of view we refer to Sciama et a1.l7) In particular, we call it the Rindler noise if the world line of the detector is hyperbolic, i.e., that of a uniformly accelerated observer. In the rest of this paper we consider the limiting case of infinite duration of observation, 5=1. Let us introduce new variables Llr= r-r' and r=(r+ r')/2 (2·5) with which we can write the noise as
where k=(k, Ii) and
are RMW (right moving wave) and LMW (left moving wave), respectively, with
where wk=(k2+flli2)1/2, flli=(Ji2+ m2)1/2 and m is the mass of the field. The quantum scalar field is expanded as where ak and ak + satisfy
The vacuum state lOb> is defined by
this is the inertial vacuum state in the presence of the boundary at x=b. Now the relevant Wightman function is (2'14) where GM + is the Wightman function with respect to the Minkowski vacuum, and Gb + represents a boundary effect,
The field-correlation function G(LIr, r) along the uniformly accelerated world line is obtained by substituting Eq. (1' 3) into the above. In the case of the four-dimensional massless scalar field, GM + is given by
where E is an infinitesimal positive parameter. Accordingly, we find for the uniformly accelerated world line that (2'17) In these equations and hereafter we measure lengths in units of .a-
Note that GM depends only on LIr, but that Gb depends on both LIr and r except for the case b=O, where Gb depends only on r. where GM + is the Wightman function with respect to the Minkowski vacuum, and Gb + represents a boundary effect,
Boundary effect on Rindler noise for four-dimensional massless scalar field
Note that GM depends only on LIr, but that Gb depends on both LIr and r except for the case b=O, where Gb depends only on r. 
Gb depends only on r, and we find
where the last equality holds since we are only interested in nonvanishing w (d.
Eq. (2·2)
). This result is rather unexpected; though b=O is just the case that all the degrees of freedom in the region R-are masked out by the boundary, this result indicates that there is no boundary effect on the Rindler noise. Hence, Rindler noise :£(w) is thermal in spite of the existence of the boundary at x=b=O.
(ii) Case b=l=O
In the case b < 0, the boundary cuts across the left Rindler wedge R-and a part of the degrees of freedom in R-is masked out. In the case 0< b < 1, the boundary cuts across the right Rindler wedge R+, so all the degrees of freedom in R-and a part of the degrees of freedom in R+ are masked out. We integrate with respect to Llr making use of the contours shown in Fig. 3 to obtain Gb depends only on r, and we find
In the case b < 0, the boundary cuts across the left Rindler wedge R-and a part of the degrees of freedom in R-is masked out. In the case 0< b < 1, the boundary cuts across the right Rindler wedge R+, so all the degrees of freedom in R-and a part of the degrees of freedom in R+ are masked out. We integrate with respect to Llr making use of the contours shown in Fig. 3 to obtain 
(2·24) ilogibii
The above result means that we cannot detect the boundary at x=b=O by means of the Rindler noise, which is thermal in the sense that detailed balance (1·2) holds.
As b tends to minus infinity on the other hand, '3 b(ev) as well as Gb(Lir, r) (see Eq. (2·17)) vanishes as expected for a boundary effect. 
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(2·24) ilogibii
As b tends to minus infinity on the other hand, '3 b(ev) as well as Gb(Lir, r) (see Eq. (2·17)) vanishes as expected for a boundary effect. § 
Physical picture on the Rindler noise
Results of the previous section raise a natural question; why is the case b=O special? In this section, we try to understand the physical reason of this remarkable behavior of the Rindler noise as b tends to 0 by examining a contribution of each of the Minkowski modes (classified by wave numbers) of the field. We shall do so with an n-dimensional massive scalar field. C
Rindler noise mode by mode
The existence of the boundary gives rise to a correlation between RMW and LMW of the Minkowski modes. Here we formulate the noise so as to make this correlation come out clearly and investigate its effect on the noise; we calculate the Rindler noise without using the Wightman function in its closed form but examining a contribution of each Minkowski mode separately. (Such an analysis has been performed previously in the absence of a boundary. IS» We write the Wightman function (2·14) using notation (2·9) as
GM+(X, x')= 1:dii l=dk{uk+(x)uk+*(x')+uk-(x)uk-:*(x')} '
Gb +(x, x')= -1: dii 1= dk{exp( -2ikb)Uk +(X)Uk -*(x')+c.c.} . (3·1)
It is clear that boundary effects come from cross terms of RMW and LMW.
It is convenient to define (3·2) where x( r) is the world line (1· 3), and the subscript k now ranges over the entire real axis. Substituting Eq. (3·1) with x=x(r) into Eq. (2·3) and performing the time integrations first, we find the Rindler noise in the form
where Jii =dii/2(2TC)n-l. We call the first term the direct term and the second term the interference term. Introducing the rapidity ()k by
we rewrite Eq. (3·2) as
!k(W)= fdrex p( -iwr+ ikcoshr-iWksinhr)
Rindler noise mode by mode
GM+(X, x')= 1:dii l=dk{uk+(x)uk+*(x')+uk-(x)uk-:*(x')} '
Gb +(x, x')= -1: dii 1= dk{exp( -2ikb)Uk +(X)Uk -*(x')+c.c.} . (3·1)
where Jii =dii/2(2TC)n-l. We call the first term the direct term and the second term the interference term. Introducing the rapidity ()k by (3·5)
!k(W)= fdrex p( -iwr+ ikcoshr-iWksinhr)
Rindler Noise in th~ Flat Spacetime with a Boundary. I = fdrex p( -iwr-i,uJisinh(r-{)k)) =exp(-iw{)k)gJi(w) ,
with Kw being the modified Bessel function. The function gJi(w) supplemented by the factor exp( -iwr) is identical to one of Minkowski Bessel modes 19 ) evaluated on world line (1'3).
In the present context the rapidity {)k has the following significance. As I r-{)kl becomes large, the integrand of Eq. (3'6) oscillates rapidly. So, by virtue of the Riemann-Lebesgue lemma, most contribution to the integration comes from (3'8) (For the rest of this section we suppose that w>O for simplicity.) Recall that the velocity of the detector is given by (3'9) and the group velocity of the mode k by
Hence, {)k may be interpreted as the time at which V=Vk; it is this time that contributes most to Ik(W). By use of Eqs. (3·5)~(3·7), we can write (3'11) where (3 ·12) (3·13)
Physical interpretation
Let us interpret each of the above expressions physically. In the direct term :£ M(W), the contribution I/k(W)12 of wave number k does not depend on the characteristic time rk and contributions of different modes add up constructively as is quite clearly seen by writing (3'14) where Rindler Noise in th~ Flat Spacetime with a Boundary. I
= fdrex p( -iwr-i,uJisinh(r-{)k)) =exp(-iw{)k)gJi(w) ,
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(3'6) (3'7) with Kw being the modified Bessel function. The function gJi(w) supplemented by the factor exp( -iwr) is identical to one of Minkowski Bessel modes 19 ) evaluated on world line (1'3).
Physical interpretation
Let us interpret each of the above expressions physically. In the direct term :£ M(W), the contribution I/k(W)12 of wave number k does not depend on the characteristic time rk and contributions of different modes add up constructively as is quite clearly seen by writing (3'14) Therefore we can interpret that each time rk contributes the same amount to :I M(W; Ii). This is expected because the world line of a Rindler observer is Lorentz invariant in the Minkowski spacetime without a boundary and no special time exists. The above :I M(W) diverges because this is the idealized noise observed for an infinitely long time.
By contrast, in the interference term :I b(W), the contribution !:(W)f-k(W) of wave number k (to be specific, suppose that k >0) is controlled by two kinds of phase factors; one is the geometrical phase factor exp( -ikb) due to the displacement of the boundary from the origin (x=O), and the other exp( -iw8 k ) reflects the existence of the characteristic time rk. We rewrite Eq. (3 °13) as 
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Therefore we can interpret that each time rk contributes the same amount to :I M(W; Ii). This is expected because the world line of a Rindler observer is Lorentz invariant in the Minkowski spacetime without a boundary and no special time exists. The above :I M(W) diverges because this is the idealized noise observed for an infinitely long time. By contrast, in the interference term :I b(W), the contribution !:(W)f-k(W) of wave number k (to be specific, suppose that k >0) is controlled by two kinds of phase factors; one is the geometrical phase factor exp( -ikb) due to the displacement of the boundary from the origin (x=O), and the other exp( -iw8 k ) reflects the existence of the characteristic time rk. We rewrite Eq. (3 °13) as . Ii) is that a special inertial frame is selected by the presence of the boundary; it is the rest frame for the boundary. Let us conclude this section with two remarks. First one might think that the detector could see the more boundary effect the greater b becomes. But this is not the case when b >0, where the integrand of Eq. (3·15) oscillates more rapidly and <;£ b(ev) becomes smaller as b tends to 1. When b<O and Ibl~l, on the other hand, the naive expectation is correct and the boundary effect disappears as the boundary recedes from the origin,
This is again due to the rapid oscillation of the phase factor. Second, our discussion in this section has made use of the rapidity. However, the defining equation (3'5) fails for two-dimensional massless field. This particular case is the topic of the next section. § 4. Rindler noise for two-dimensional massless scalar field As is well known, two-dimensional massless scalar field is ill-defined. Therefore we calculate the noise in two-dimensional massless case as the massless limit of two-dimensional massive case. We examine this delicate limit first by using the Wightman function as in § 2, and then by the method of § 3.
Rindler noise in two dimensions by use of Wightman function
The Wightman function for two-dimensional scalar field may be written as This is again due to the rapid oscillation of the phase factor. Second, our discussion in this section has made use of the rapidity. However, the defining equation (3'5) fails for two-dimensional massless field. This particular case is the topic of the next section. § 4. Rindler noise for two-dimensional massless scalar field As is well known, two-dimensional massless scalar field is ill-defined. Therefore we calculate the noise in two-dimensional massless case as the massless limit of two-dimensional massive case. We examine this delicate limit first by using the Wightman function as in § 2, and then by the method of § 3.
The Wightman function for two-dimensional scalar field may be written as 
Rindler noise in two dimensions mode by mode
In this section, we clarify the relationship between the two kinds of limiting procedures, m->O and b->O, by calculating the Rindler noise for two-dimensional massive scalar field mode by mode as in § 3.
Equation ( 
The second term is a rapidly oscillating function of w; when substituted into Eq~ (4·4), it may be dropped for the same reason as mentioned at Eq. (2·23 
Similarly, in the case of the LMW (k<O),
Ik(w)=exp( -7r:: )\k\+iWr ( -iw).
Hence one would obtain 
Ik(W)= drexp( -iwr)exp( +ike-
which is well-defined. With this proviso, we see that the 'massless case' coincides with massless limit of the massive case. § 5.
Concluding remarks
We have investigated the Rindler noise for a scalar field in the presence of a static boundary at x = b (Fig. 2) in the flat spacetime. We have confirmed the expectation that the boundary effect disappears as the boundary recedes away from the origin. In addition we have found that the boundary effect also disappears as b tends to O. To understand this remarkable property, we have examined a contribution of each of the Minkowski modes of the field and explained it as a consequence of a specific type of interference among pairs of right-and left-moving modes. All of these properties hold regardless of the dimension of the spacetime for . massive as well as massless fields.
Let us conclude with some remarks. First, we have treated the boundary with the Dirichlet boundary condition. The use of the Neumann boundary condition merely changes the sign of the LMW modes in Eq. (2·8) and hence the sign of the' boundary-effect term of the noise. Second, our g M(W) diverges because of the idealization that the duration of observation is infinite. A quantitative discussion of the observability of the boundary effect would require a proper handling of the switching factor introduced at Eq. (2 '1). We have briefly discussed this issue elsewhere/ 5 ) and will publish details in a separate paper. Last how much have we learned concerning our initial motivation, the thermal property associated with a Rindlerobserver? The absence of the boundary.effect in the case b=O would suggest that some special quantum correlation caused by the boundary preserves the thermal property. In . order to gain deeper understanding we plan to formulate a modified thermaiization theorem in the flat spacetime with a boundary, and to establish the relationship of the Rindler noise to this modified thermalization theorem, in a forthcomming paper. which is well-defined. With this proviso, we see that the 'massless case' coincides with massless limit of the massive case. § 5.
Let us conclude with some remarks. First, we have treated the boundary with the Dirichlet boundary condition. The use of the Neumann boundary condition merely changes the sign of the LMW modes in Eq. (2·8) and hence the sign of the' boundary-effect term of the noise. Second, our g M(W) diverges because of the idealization that the duration of observation is infinite. A quantitative discussion of the observability of the boundary effect would require a proper handling of the switching factor introduced at Eq. (2 '1). We have briefly discussed this issue elsewhere/ 5 ) and will publish details in a separate paper. Last how much have we learned concerning our initial motivation, the thermal property associated with a Rindlerobserver? The absence of the boundary.effect in the case b=O would suggest that some special quantum correlation caused by the boundary preserves the thermal property. In . order to gain deeper understanding we plan to formulate a modified thermaiization theorem in the flat spacetime with a boundary, and to establish the relationship of the Rindler noise to this modified thermalization theorem, in a forthcomming paper. Then we perform the integration making use of the contours shown in Fig. 3 Then we perform the integration making use of the contours shown in Fig. 3 to get Eq. (4-3).
